Applicability of different nuclear reactions (fusion of stable and radioactive nuclei, multi-nucleon transfers and neutron capture) for the production of new neutron enriched heavy nuclei is discussed in the paper. For the first time, a narrow pathway is found to the middle of the island of stability owing to possible β + -decay of SH isotopes which can be formed in ordinary fusion reactions of stable nuclei. Neutron capture reactions can be also used for the production of the long-living neutron rich SH nuclei. Strong neutron fluxes might be provided by pulsed nuclear reactors and by multiple nuclear explosions in laboratory conditions and by supernova explosions in nature. Low-energy multinucleon transfer reactions with actinide beams and targets are of special interest for synthesis of new neutron enriched transfermium nuclei and not-yet-known nuclei around the closed neutron shell N = 126 having largest impact on astrophysical r process. The estimated cross sections for the production of these nuclei look very promising to plan such experiments at available accelerators. Several new test experiments of such kind are proposed to perform including those in which a role of the shell effects in low-energy reaction dynamics could be clarify much better.
Motivation
The upper part of the present-day nuclear map consists mainly of proton rich nuclei, while the unexplored area of heavy neutron enriched nuclides (also those located along the neutron closed shell N = 126 to the right-hand side of the stability line) is extremely important for nuclear astrophysics investigations and, in particular, for the understanding of the r process of astrophysical nucleogenesis. For elements with Z > 100 only neutron deficient isotopes (located to the left of the stability line) have been synthesized so far. Due to the bending of the stability line toward the neutron axis, in fusion reactions only proton-rich isotopes of heavy elements can be produced. That is the main reason for the impossibility of reaching the center of the island of stability (Z ∼ 110 ÷ 120 and N ∼ 184) in the superheavy (SH) mass region in fusion reactions with stable projectiles. Because of that we also have almost no information about neutron-rich isotopes of heavy elements located in the whole "northeast" part of the nuclear map: for example, there are 19 known neutron-rich isotopes of cesium (Z = 55) and only 4 of platinum (Z = 78).
There are only three methods for the production of heavy elements, namely, fusion reactions, multi-nucleon transfer processes and a sequence of neutron capture and β − decay processes.
Fusion Reactions
As already mentioned, fusion reactions of stable projectiles even with transuranium targets lead to formation of neutron deficient isotopes of heavy elements located to the left of the stability line. Recently, many speculations appeared on the use of radioactive beams for the synthesis and study of new heavy elements and isotopes. The use of accelerated neutron enriched fission fragments for the production of SH nuclei in rather symmetric fusion reactions does not look very encouraging and needs beam intensities at the hardly reachable level of 10 13 pps or higher. 1 The lighter radioactive beams could be more useful here. In fusion reactions of 18−20 N, 20−22 O or 22−24 F with actinide targets new (though not so much neutron enriched) isotopes of elements with Z > 100 might be synthesized at rather low beam intensities of 10 8 pps owing to much larger cross sections.
1
A narrow pathway to the middle of the island of stability was found recently owing to possible β + -decay of SH nuclei located from the up-left side of this island.
2 Such nuclei could be formed in ordinary fusion reactions 48 Ca+ 250 Cm and/or 48 Ca+ 249 Bk. In these reactions relatively neutron rich isotopes of SH elements 114 and 115 are formed as α decay products of the corresponding evaporation residues. These isotopes should have rather long half-lives and, thus, they could be located already in the "red" area of the nuclear map, i.e., they may be β + -decaying nuclei. In Fig. 1 Fig. 1 . The corresponding cross sections of these reactions are rather low, they are about 0.8 pb and 0.3 pb, correspondingly.
1,2 However, for the moment, this is the only method which is proposed for the production of SH nuclei located just in the middle of the island of stability. 
Neutron Capture Process
The neutron capture process is an alternative (oldest and natural) method for the production of new heavy elements. The synthesis of heavier nuclei in the multiple neutron capture reactions with subsequent β − decay is a well studied process. Relative yields of the isotopes formed in this process may be found as a solution of the following set of differential equations (somewhat simplified here):
where n 0 is the neutron flux (number of neutrons per square centimeter per second) and λ
is the decay rate of the nucleus (Z, A) into the channel i (i.e., β − and alpha decays and fission). For simplicity, here we ignore the energy distribution of the neutrons and, thus, the energy dependence of the neutron capture cross section σ Z,A nγ . Neutrons generated by fission in nuclear reactors and in explosions are rather fast (far from the resonance region). In the interval of 0.1-1 MeV the neutron capture cross section is a smooth function of energy with the value of about 1 barn.
The key quantity here is the time of neutron capture, τ n = (n 0 σ Z,A nγ ) −1 . If τ n is shorter than the half-life of a given nucleus T 1/2 (Z, A) then the next nucleus (Z, A + 1) is formed by neutron capture. Otherwise the nucleus (Z, A) decays before it has time to capture next neutron. In nuclear reactors typical value of τ n ∼1 year, and the nucleosynthesis occurs along the stability line by a sequence of neutron capture and β − decay processes breaking at the short-living fissile fermium isotopes 258−260 Fm. In nuclear explosion τ n ∼ 1 µs, and more than 20 neutrons can be captured by a nucleus before it decays. To solve Eq.(1) numerically one needs to know the decay properties of neutron rich nuclei which are not studied yet experimentally. This significantly complicates any analysis of the multiple neutron capture processes.
Strong neutron fluxes might be provided by nuclear reactors and nuclear explosions under laboratory conditions and by supernova explosions in nature. It is well known that the "fermium gap" impedes the formation of nuclei with Z>100 by the weak neutron fluxes realized in existing nuclear reactors. Theoretical models predict also another region of shortliving nuclei located at Z=106÷108 and A∼270. In nuclear and supernova explosions (fast neutron capture) these gaps may be bypassed if the total neutron fluence is high enough. Note that elements 99 and 100 (einsteinium and fermium) were first discovered in debris from the test thermonuclear explosion "Mike". 3 The experimental data on the yield of transuranium nuclei in this experiment are reproduced well with Eqs.(1).
4
The resulting charge number of the synthesized nuclei might be increased by sequential neutron flux exposure if two or several nuclear explosions were generated in close proximity to each other. This natural idea was discussed many years ago.
5 At that time the experts concluded that technically it could be realized. However, no quantitative estimations have been done for the yields of long-living neutron-rich SH nuclei in such experiment.
The process is illustrated in Fig. 2 . In the right panel of this figure the probabilities of heavy element formation are shown for one, three and ten subsequent short-time (1 µs) neutron exposures of 10 24 n/cm 2 each following one after another within a time interval of 10 seconds with final one-month waiting time (needed to reduce the strong radioactivity of the produced material and to perform some experimental measurements). The result depends both on the neutron fluence n = n 0 τ and on the time interval between two exposures. The neutron fluence should be high enough to shift the produced neutron rich isotopes to the right from the second gap of unstable fissile nuclei located at Z=106÷108 and A∼270. Dependence on the time interval between two exposures is not so crucial. The result does not almost depend on this parameter if it is longer than several milliseconds (to avoid approaching the neutron drip line after several exposures) and shorter than a few minutes to avoid β − -decay of the produced nuclei into the area of fission instability (Z=106÷108 and A∼270).
Thus, multiple rather "soft" nuclear explosions could be really used for the production of a noticeable (macroscopic) amount of neutron rich longlived SH nuclei. Leaving aside any discussions on the possibility of such processes and associated technical problems, we want to emphasize a sharp increase of the probability for formation of heavy elements with Z ≥ 110 in the multiple neutron irradiations: enhancement by several tens of orders of magnitude. The same process of multiple neutron exposures might be also realized in pulsed nuclear reactors of the next generation. An increase of the neutron fluence by about three orders of magnitude as compared with existing pulsed reactors could be quite sufficient to bypass both gaps. 
Multinucleon Transfer Reactions
Renewed interest in the multinucleon transfer reactions with heavy ions is caused by the limitations of other reaction mechanisms for the produc-tion of new heavy and SH nuclei. The "northeast" area of the nuclear map cannot be reached in fusion, fission or fragmentation processes widely used nowadays for the production of new nuclei. Multinucleon transfer processes in near barrier collisions of heavy ions seem to be the most promising reaction mechanism allowing us to produce and explore neutron-rich heavy nuclei including those located at the SH island of stability.
In our recent study we found that the shell effects may give us a gain in the yields of heavy neutron rich nuclei formed in multinucleon transfer reactions. 6, 7 In particular, the cross section for the production of unknown neutron rich nuclei located below 208 Pb along the closed neutron shell N=126 were predicted to be of several microbarns in low-energy collisions of 136 Xe or 192 Os with 208 Pb target. 6 Rather optimistic predictions were obtained also for the production of SH nuclei. 7 For near barrier collisions of 238 U with 248 Cm cross sections higher than 1 pb have been predicted for the production of new neutron enriched isotopes of elements with Z≤106 located already at the stability line or even beyond it. These are the shell effects which may significantly enhance the yield of SH nuclei for appropriate projectile-target combinations. In Fig. 3 the charge and mass distributions of heavy primary reaction fragments are shown for near barrier collisions of 48 Ca and 238 U with curium target. The "lead peak" manifests itself in both reactions. However, for 48 Ca+ 248 Cm collisions it corresponds to the conventional quasi-fission process in which nucleons are transferred mainly from a heavy target to lighter projectile. This is a well studied process both experimentally and theoretically. It is caused just by the shell effects leading to the deep lead valley on the multidimensional potential energy surface which regulates the dynamics of the heavy nuclear system at low excitation energies.
Contrary to this conventional quasi-fission phenomena, in low-energy collisions of 238 U with 248 Cm target nucleons may predominantly move from the lighter partner (here is uranium) to heavy one, i.e., U transforms to a Pb-like nucleus and Cm to complementary SH nucleus. In this case, appearance of the lead shoulder in the mass and charge distributions of the reaction fragments automatically leads to a pronounced shoulder in the region of SH nuclei . We named it "inverse quasi-fission" process. This process may really lead to enhanced yields of above-target nuclides, whereas even for rather heavy projectiles (like 136 Xe+ 248 Cm) the nuclear system has a dominating symmetrizing trend of formation of reaction fragments with intermediate masses (heavier than projectile and lighter than target). A possibility for the production of new heavy neutron rich nuclei in low-energy multinucleon transfer reactions is discussed currently in several laboratories. It is rather difficult to perform such experiments because of low cross sections, low intensities of beams of actinides and the problems of detecting the reaction products. To study the shell effects leading to enhanced yield of trans-target fragments ("anti-symmetrizing" mass transfer) one needs to choose projectile-target combinations with non-magic initial nuclei. One of such combination, 160 Gd+ 186 W, has been proposed 8 and studied experimentally 9 (see Fig. 4 ). In this system one neutron closed shell (N=82) is located to the "left" of the projectile whereas the other (N=126) to the "right" of the target on the fragment mass axis. Our calculations pre-dicted unusual mass distribution of reaction fragments in this reaction, and in the experiment it was found even more exotic: almost constant values of the cross section for formation of nuclei with A > A targ . Unfortunately, the used experimental technique (catcher foils + off-line radiochemistry) did not allow to measure the yields of stable and short-living isotopes and to see the total shape of the mass distribution. It is very desirable to repeat this experiment with on-line measurement of the mass distribution. Mass distribution in this reaction was found to be rather sensitive to the value of the nucleon transfer rate (fundamental parameter of nuclear dynamics), which, thus, could be adjusted more precisely from comparison with experimental data would be they available in a wide region of fragment masses.
Actinide beams (as well as actinide targets) might be successfully used also for the production of new neutron rich nuclei around the closed neutron shell N = 126, the region having largest impact on astrophysical r process. Near barrier collisions of 136 Xe and 192 Os with 208 Pb target were predicted to be quite promising for the production of new nuclei with N ∼ 126.
6,7
Low-energy collisions of stable neutron enriched isotopes of elements located below lead (such as 192 Os or 198 Pt) with available actinide nuclei look even more favorable for the production and study of new neutron rich nuclei located around neutron closed shell N = 126. Estimated cross sections for the production of the isotopes of the elements with Z = 71÷78 in low energy collisions of 198 Pt with 238 U are shown in Fig. 4 . A lot of new isotopes in the region of the closed neutron shell N = 126 can be synthesized in this reaction. On average, the cross sections for the production of new neutron rich heavy nuclei in this reaction are higher than in collisions of 136 Xe or 192 Os with 208 Pb target 7 (though a contamination by uranium fission fragments probably may reduce this gain in the cross sections).
